Recent studies have suggested that rats subjected to transient global brain ischemia develop depressed expression of GluR-B in CA1 hippocampal neurons. The present study was performed to determine whether a similar change in AMPA receptor expression could be triggered in vitro by sublethal oxygen-glucose deprivation in rat hippocampal neuronal cultures. mRNA was extracted from individual hippocampal neurons via patch electrodes and amplified by RT-PCR 24-48 hr after sublethal oxygen-glucose deprivation. Compared with controls, insulted neurons expressed increased levels of GluR-D flop. As an indication that this change in receptor expression was functionally significant, insulted cultures exhibited increased AMPA-or kainate-induced 45 Ca 2ϩ accumulation sensitive to Joro spider toxin and increased vulnerability to kainate-induced death. These data support the hypothesis that exposure to ischemia may enhance subsequent hippocampal neuronal vulnerability to AMPA receptor-mediated excitotoxicity by modifying the relative expression of AMPA receptor subunits in a manner that promotes Ca 2ϩ permeability.
Recent studies have suggested that rats subjected to transient global brain ischemia develop depressed expression of GluR-B in CA1 hippocampal neurons. The present study was performed to determine whether a similar change in AMPA receptor expression could be triggered in vitro by sublethal oxygen-glucose deprivation in rat hippocampal neuronal cultures. mRNA was extracted from individual hippocampal neurons via patch electrodes and amplified by RT-PCR 24-48 hr after sublethal oxygen-glucose deprivation. Compared with controls, insulted neurons expressed increased levels of GluR-D flop. As an indication that this change in receptor expression was functionally significant, insulted cultures exhibited increased AMPA-or kainate-induced 45 Ca 2ϩ accumulation sensitive to Joro spider toxin and increased vulnerability to kainate-induced death. These data support the hypothesis that exposure to ischemia may enhance subsequent hippocampal neuronal vulnerability to AMPA receptor-mediated excitotoxicity by modifying the relative expression of AMPA receptor subunits in a manner that promotes Ca 2ϩ permeability.
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Considerable evidence suggests that the excitotoxic overactivation of glutamate receptors contributes to neuronal death after ischemic insults (Meldrum, 1985; Choi and Rothman, 1990) . Although initial attention focused on the prominent role of NMDA receptors in mediating focal ischemic injury (Albers et al., 1989; Buchan, 1990) , subsequent studies indicated that AM PA / kainate antagonists were better than NMDA antagonists in preventing the selective death of hippocampal CA1 neurons after transient global ischemia (Sheardown et al., 1990; Buchan et al., 1991a) .
The prominence of NMDA receptors in focal ischemic injury seems well explained by the systematic link between these receptors and calcium-permeable channels (Choi, 1985 (Choi, , 1992 MacDermott et al., 1986) . On the other hand, the prominence of AMPA/ kainate receptors in selective hippocampal CA1 neuronal death after global ischemia is less easily explained. One possibility is that AM PA / kainate receptor-mediated toxicity is unmasked by a relative downmodulation of NMDA receptors, which is induced by lowered pH (Giffard et al., 1990; Tang et al., 1990; Tombaugh and Sapolsky, 1990) , oxidative stress (Aizenman et al., 1989) , or increased extracellular zinc (Peters et al., 1987; Westbrook and Mayer, 1987) . In addition, activation of AM PA / kainate receptors can potentiate zinc-induced neuronal death (Weiss et al., 1991) , and recent experiments using a zinc chelator have suggested that toxic zinc entry may be a critical component of many types of selective neuronal death after transient global ischemia (Koh et al., 1996) .
An intriguing additional factor was raised by the finding that AMPA receptor subunit GluR-B (or GluR2) mRNA is preferentially decreased in CA1 neurons after transient global ischemia but before cell death (Pellegrini-Giampietro et al., 1992) . Because inclusion of the GluR-B subunit conveys calcium impermeability to heteromeric AMPA receptor-gated channels (Hume et al., 1991; Burnashev et al., 1992 ; for review, see Burnashev, 1996) , it is possible that this reduction in GluR-B expression, if translated into new AMPA receptors lacking the GluR-B subunit, might facilitate toxic AMPA receptor-mediated calcium or zinc (Koh et al., 1996; Yin et al., 1996) entry into CA1 neurons.
The present study was performed to test two implications of this novel hypothesis. The first implication is that oxygen-glucose deprivation per se is sufficient to trigger a reduction in GluR-B expression relative to other AMPA receptor subunits in hippocampal cell cultures lacking the more complex systemic changes induced by ischemia in vivo. The second implication is that this change in fact translates into an enhancement of AMPA receptor-gated calcium entry in hippocampal neurons (Gorter et al., 1997) and neuronal death.
A preliminary account of this work has been published previously (Ying et al., 1996) .
MATERIALS AND METHODS
Cell culture. Rat hippocampal cell cultures were prepared from Sprague Dawley rats (Simonsen Laboratories) at 17 d gestation using methods modified from those described previously (Dichter, 1978; Rose et al., 1993) . For glial cultures, hippocampi were dissociated and plated in 24-well plates at a density of 10 -12 hippocampi per plate in minimal essential medium (M EM; Earle's salts, supplied bicarbonate-free) supplemented with 10% horse serum, 10% fetal bovine serum, 21 mM glucose, and 26.5 mM bicarbonate. The glial plates were then maintained for 2-4 weeks in a humidified incubator with 5% C O 2 at 37°C. Nonastrocytic cells were removed by exposing the cultures to air for 5 sec and bathing the remaining cells with fresh media after 14 d in vitro (DIV). Animals were handled in accordance with a protocol approved by our institutional animal care committee. All efforts were made to minimize animal suffering and the number of animals used.
For mixed neuronal -glial cultures, dissociated hippocampal cells obtained from fetal rats [embryonic day 17 (E17)] were plated on 35 mm glass-bottom dishes coated with poly-D-lysine (25 g /ml) and laminin (1 g /ml) at a density of 2.0 -2.5 hippocampi /ml in M EM supplemented with 5% horse serum, 5% fetal bovine serum, 21 mM glucose, and 26 mM bicarbonate. Alternatively, cells grown in 24-well plates were plated onto a preexisting glial monolayer at a density of 24 -30 hippocampi per plate. Proliferation of non-neuronal cells was halted by adding 10 M cytosine arabinoside at DIV 4 -7, depending on the plating conditions. At the same time, cultures were shifted into a growth medium identical to the plating media but containing 10% horse serum and lacking fetal serum. Mixed neuronal -glial cultures were maintained for up to 4 weeks in a humidified incubator with 5% C O 2 at 37°C by exchanging half of the bathing medium with growth medium twice per week during the first 2 weeks and with media stock lacking serum twice per week for the second 2 weeks.
Oxygen-glucose deprivation. Combined oxygen -glucose deprivation (ischemia) experiments are performed generally as described previously in a chamber (Forma Scientific) containing an anaerobic gas mixture (N 2 85%, H 2 10%, C O 2 5%). The culture medium, media stock, is replaced with deoxygenated glucose-free balanced salt solution (concentrations in mM): NaC l 116, KC l 5.4, MgSO 4 ⅐7 H 2 O 0.8, NaH 2 PO 4 ⅐H 2 O 1.0, C aC l 2 1.8, NaHC O 3 26) by three large washes (dilution ϳ2000). During the deprivation procedure, cells are placed in a humidified, 37°C incubator within the chamber. Deprivation is terminated by replacing the exposure medium with media stock. Cultures were assayed for AM PA receptor mRNA expression, AM PA receptoractivated C a 2ϩ influx, or AM PA receptor-mediated cell death 20 -48 hr after the deprivation period.
E xcitotoxin e xposure. For excitotoxicity experiments, mixed hippocampal cultures (DIV 18 -21) were exposed to NMDA for 5 min in H EPES control salt solution (HC SS) (120 mM NaC l, 4.5 mM KC l, 0.8 mM MgC l 2 , 1.8 mM CaCl 2 , 20 mM H EPES, and 15 mM glucose, pH 7.4). E xposures were terminated by washing back into media stock. Cultures were exposed to AM PA or kainate for 24 hr in M EM supplemented with 21 mM glucose, 26 mM bicarbonate, and 1 M (5R,10S)-(ϩ)-5-methyl-10,11-dihydro-5 H-dibenzo[a,d]cyclohepten-5,10-imine hydrogen maleate (M K-801) (to block secondary activation of NMDA receptors).
Injur y assessment. 24 hr after injury onset, cell death was estimated by measuring release of the cytosolic enzyme lactate dehydrogenase (LDH) into the bathing medium, subtracting LDH activity found in sham-washed cultures (presumably reflecting spontaneous cell death or residual serum LDH), and scaling to the LDH activity released by 300 M NMDA, which produces complete and selective neuronal death . Afterward, the values obtained by LDH assay were confirmed by counting the proportion of cells stained by the vital dye trypan blue (0.01%). Control experiments indicated that sublethal oxygen -glucose deprivation did not alter total neuronal LDH levels or total cell numbers in the cultures.
Metabolic labeling. Cultures were washed into DM EM lacking methionine and supplemented with 21 mM glucose and 26.5 mM bicarbonate. Then, [
35 S]methionine (Ͼ800 C i /mmol; Amersham, Arlington Heights, IL) was added to the culture medium at a final concentration of 0.5 C i /ml for 1 hr at 37°C in a humidified 5% C O 2 incubator. Cultures were then washed with ice-cold PBS and lysed in modified RI PA buffer (150 mM NaC l, 10 mM Na 2 HPO 4 , pH 7.2, 1 mM dithiothreitol, 1% deoxycholate, 1% Nonidet P-40, 0.5% SDS). Nucleic acids were removed from the extract by centrif ugation at 16,000 ϫ g for 30 min, and protein concentration was determined by micro-BCA assay (Pierce, Rockford, IL). Protein (20 g) from each culture was precipitated onto glass microfiber filters (Whatman GF/A, Whatman, Maidstone, UK) using 10% trichloroacetic acid and bovine serum albumin as a carrier protein.
Filters were then washed with 100% ethanol, air-dried for 30 min, transferred to scintillation vials, and bathed in nonaqueous scintillant. Radioactivity was detected in a liquid scintillation counter (Packard 1600, Packard, Meridian, C T). Counts for each experiment were scaled to control levels (100%) and then pooled. 45 Ca 2ϩ accumulation. Cultures were incubated in HC SS lacking added cold calcium with the desired drugs and 45 Ca 2ϩ (2 C i /ml, DuPont N EN, Wilmington, DE) (ϳ2 M), generally as described previously (Hartley et al., 1993) . After 5 min, the stimulus solution was washed out with three washes of ice-cold quench solution [HC SS(ϪCa 2ϩ )] containing 2 mM LaCl 3 to remove residual extracellular 45 Ca 2ϩ (Hellman, 1978) , and the culture vessel was placed on ice. T wenty minutes later, the quench solution was aspirated, and the cells were lysed by the addition of 100 l of hot 0.2% SDS solution. The lysate was then transferred to scintillation vials containing aqueous scintillant and counted using a liquid scintillation counter (Packard 1600).
Intracellular f ree Ca 2ϩ determination. Neuronal intracellular free Ca 2ϩ ([C a 2ϩ ] i ) was measured using f ura-2 fluorescence videomicroscopy (Grynkiewicz et al., 1985) . Hippocampal cultures for [C a 2ϩ ] i imaging experiments were prepared on glass-bottom 35 mm dishes as described above, and experiments were performed between DIV 18 and 21. T wenty-four hours after sublethal oxygen -glucose deprivation, cells were loaded with 5 M f ura-2 AM (acetoxymethyl ester) plus 0.1% pluronic F-127 for 30 min at room temperature, washed, and incubated for an additional 30 min in HBSS. E xperiments were performed at room temperature on the stage of a Nikon Diaphot inverted microscope equipped with a 75 W Xenon lamp and a Nikon 40ϫ, 1.3 numerical aperture epifluorescence oil immersion objective under continuous perf usion (perf usion rate 2 ml /min). Fura-2 (excitation ϭ 340, 380 nm; emission ϭ 510 nm) ratio images (in the plane of the neuronal cell bodies, contamination from underlying glia was minimal) were acquired with a CCD camera (Quantex) and digitized (256 ϫ 512 pixels) using Image-1 (Universal Imaging). C alibrated [C a 2ϩ ] i values were obtained using the ratio method of Grynkiewicz et al. (1985) by determining F min and F max in situ using EGTA (10 mM) with 0 Ca 2ϩ buffer and ionomycin (10 M) for F min and 10 mM Ca 2ϩ with ionomycin (10 M) for F max . A K d value of 225 nM Ca 2ϩ was used for f ura-2. T issue level RT-PCR . RNA was extracted using the Ultraspec RNA reagent (Biotecx, Houston, TX). Briefly, cultures were washed with ice-cold RNase-free PBS and lysed in Ultraspec RNA (0.1 ml /2 ϫ 10 5 cells). Chloroform was added to resolve aqueous and organic compartments, and the RNA was precipitated in isopropanol and washed in 75% ethanol. T ypically 15-20 g RNA could be obtained from 10 6 cells, and 1 g was used for RT-PCR. RT was performed in a 30 l volume, and 2 l was used for PCR as described below.
Single cell RT-PCR . Single cell mRNA was harvested through the patch pipette, reverse-transcribed, and amplified (Eberwine et al., 1992) with hemi-nested degenerate primers that equally amplified all four AM PA receptor subunits as described previously (Lambolez et al., 1992; Jonas et al., 1994) . Controls for possible contamination artifacts were performed at the level of harvesting as well as for each PCR reaction . Control experiments showed that repetitive PCR on the same material did not affect the rank order of the abundances of the different subunits, although continued cycling of a reaction with several micrograms of product could cause a decrease in the range of abundances. For most cells, after the first PCR, a faint ethidium bromide-stained band was observed, and the second PCR was halted after 25 cycles. Final PCR products were purified, dot-blotted, and probed using radiolabeled oligonucleotides specific for each subunit as described previously (Flint et al., 1997) . By analysis of inside dot volume, linear standard curves were obtained between 0.4 and 100 ng cDNA /dot, r 2 Ͼ 0.96. All samples were blotted on a separate membrane for each subunit, because stripping and reprobing the same membrane resulted in Յ10% variability. Probe crosshybridization for most experiments was assayed by blotting each of the AM PA receptor subunits onto each membrane and varied from 0.01 to 2.3% for each probe (data not shown). The ability to reproducibly amplif y single cell mRNA was demonstrated by taking the reverse transcription product for a cell, separating it into two parts, and amplif ying and processing each part separately. The results for 13 cells varied, with an average difference in relative abundance of 1.2 Ϯ 0.3 to 2.5 Ϯ 1.1% (Fig. 1) .
R/G-site editing and flip/flop ratio anal ysis. PCR amplification of the first round PCR products was performed using 5Ј-TCGTACCACC ATTTG(TC)TTTTCA-3Ј as a 3Ј primer and 5Ј-GCGAATTCACAC AAAGTAGTGAATCAAC T-3Ј for GluR-B amplification or 5Ј-GCGA ATTCC TGAGGATGGGAAGGAAGG-3Ј for GluR-D amplification. The PCR fragments were then cycle-sequenced, and arginine/glycine (R /G) site editing efficiency was determined as described previously . Flip/flop ratios were calculated similarly, using the means of positions 16, 33, and 46 (GluR-B) or 16, 33, and 38 (GluR-D) in exons 14 (flop) and 15 (flip). PCR-amplifications using mixed flip or flop plasmids as templates revealed a close correspondence between calculated and experimental ratios in the range of 10 -90%.
RESULTS

Oxygen-glucose deprivation conditioning
Rat mixed hippocampal cell cultures (DIV 18 -22) containing both astrocytes and neurons were subjected to a sublethal conditioning insult that consisted of combined oxygen and glucose deprivation either for 20 -30 min (cultures in 24-well vessels) or for 30 -60 min (cultures in 35 mm dishes). T wenty-four hours after the deprivation period, cultures exhibited only 2-5% neuronal death, which remained constant for at least 72 hr and was similar to that seen in sham-washed cultures.
Changes in global protein synthesis
Previous studies have indicated that ischemic insults can suppress protein synthesis well before cell death ensues (Kleihues and Hossmann, 1971; Kirino and Sano, 1984; Thilmann et al., 1986) . To assess changes in global protein synthesis induced by the above conditioning insult, cultures were metabolically labeled with 35 S-methionine for 1 hr epochs. After the conditioning oxygen -glucose deprivation, protein synthesis decreased to 58% of control at 4 hr and then rebounded to 150% of control at 24 hr (Fig. 2) . Cultures exposed to sham wash, a mild insult per se, showed a trend toward slight protein synthesis reduction at 4 hr, with rebound recovery at 24 hr. As a positive control, sister cultures were treated with 0.5 g/ml cycloheximide for 24 hr before metabolic labeling, which reduced protein synthesis to 23.9 Ϯ 0.5% of control.
Tissue level AMPA receptor mRNA expression
Reverse transcription and PCR (40 cycles) on RNA extracted from 24-well plates were performed using hemi-nested degenerate oligonucleotide primers to detect the four major AMPA receptor subunits. As shown in Table 1 , no significant change in AM PA receptor expression was found after the conditioning insult. Cultures expressed ϳ45% GluR-A, 25% GluR-B, 20% GluR-C, and 10% GluR-D 24 hr after sham wash or sublethal oxygen-glucose deprivation. Because the glutamine/arginine (Q/R) site editing state of GluR-B controls the calcium permeability of AMPA receptor complexes, we then tested the effect of oxygen-glucose deprivation on GluR mRNA expression. PCRamplified cDNA from hippocampal cultures containing both neurons and glia was probed for GluR-B Q/R site editing by primer extension assay Puchalski et al., 1994) . This experiment demonstrated that Ͼ97% GluR-B was edited in both sham-washed and conditioned cultures (data not shown).
Inability to detect changes in neuronal AMPA receptor expression in this tissue level experiment is not surprising, because glial cells also express AMPA receptors (Holzwarth et al., 1994) and comprise 70 -90% of cells in rat mixed hippocampal cultures. Therefore, we needed to assay AMPA receptor mRNA in neurons alone. Although it is possible to culture neurons with few glial cells (Ͻ5%), this small population of glial cells consists primarily of large, type 2 astrocytes that could still obscure changes in neuronal AMPA receptor expression. In addition, rat hippocampal neuronal-enriched cultures require use of glutamate receptor antagonists in the culture medium after DIV 10 to suppress spontaneous excitotoxic cell death, a perturbation we considered unacceptable in the context of the present experiments. Sister cultures were exposed to sublethal oxygen-glucose deprivation (20 -30 min), allowed to recover for 24 hr, and extracted for RNA. RT-PCR products were quantitated using a phosphorimager, and the relative abundance of each transcript was expressed as percentage of total for each culture (mean Ϯ SEM; n ϭ 12 measurements; p was calculated using two-tailed Student's t test).
Another strategy to harvest pure neuronal RNA would be to culture neurons on a glial monolayer and dissociate neurons from glia by light trypsinization and centrifugation before extracting "neuronal" RNA. We found this method unsatisfactory because glial fibrillary acidic protein mRNA was easily detected by RT-PCR in every attempt to harvest pure neuronal RNA by this method (data not shown). Thus, we turned to the method of single cell RT-PCR, which allows the direct sampling of RNA from individual neurons (Eberwine et al., 1992; Lambolez et al., 1992; Jonas et al., 1994; Geiger et al., 1995) .
Single cell AMPA receptor mRNA expression
Neurons from cultures grown in 35 mm dishes were either shamwashed or conditioned with sublethal oxygen -glucose deprivation and then randomly selected for harvesting of cellular RNA through a patch pipette. Reverse transcription and two rounds of PCR (40 and 35 cycles) were performed using hemi-nested degenerate oligonucleotide primers to detect the four major AMPA receptor subunits. PCR products were probed with subunitspecific oligonucleotides and quantitated using a phosphorimager. After conditioning oxygen -glucose deprivation, GluR-D mRNA relative abundance was increased. Average percentage of total AM PA receptor abundance Ϯ SEM for 41 cells was as follows (sham washed vs insulted): GluR-A, 35.5 Ϯ 4.5 versus 26.0 Ϯ 3.5 ( p ϭ 0.098 using two-tailed Student's t test); GluR-B, 34.4 Ϯ 5.0 versus 28.6 Ϯ 3.8 ( p ϭ 0.352); GluR-C, 18.2 Ϯ 3.8 versus 18.0 Ϯ 3.3 ( p ϭ 0.968); and GluR-D, 11.5 Ϯ 3.3 versus 28.0 Ϯ 4.3 ( p ϭ 0.006) (Fig. 3) . Thus, conditioning oxygen-glucose deprivation increased the abundance of GluR-D relative to GluR-A [GluR-A Ϫ GluR-D (sham washed vs insulted): 21.3 Ϯ 6.7 versus Ϫ1.95 Ϯ 6.56 ( p ϭ 0.019 using two-tailed Student's t test)] and to GluR-B [GluR-B Ϫ GluR-D: 20.5 Ϯ 6.8 vs 0.621 Ϯ 6.430 ( p ϭ 0.041)] but not to GluR-C (GluR-C Ϫ GluR-D: 3.96 Ϯ 5.66 vs Ϫ9.97 Ϯ 6.56 ( p ϭ 0.124)]. Flip/flop analysis comparing sham-washed controls with oxygen-glucose deprivation conditioned cells demonstrated that the increase in GluR-D was caused by an increase in GluR-D flop (from 8.17% Ϯ 1.32 to 20.0% Ϯ 3.6; p ϭ 0.008 using two-tailed Student's t test) (Fig. 4) . There was a nonsignificant trend ( p ϭ 0.085) toward a concomitant increase in GluR-D flip.
In exon 13 of GluR-B, GluR-C, and GluR-D, a posttranscriptional codon switch from AGA to GGA (R/G site editing) is developmentally regulated and causes faster recovery rates from desensitization (Lomeli et al., 1994; Seeburg, 1996) . Increased R/G editing might cause increased calcium entry during repetitive or prolonged stimulation. Although conditioning increased the relative abundance of GluR-D(G), it did not produce changes in the ratio of GluR-D(R) to GluR-D(G), or the ratio of GluR-B(R) to GluR-B(G), which would be suggestive of altered R/G site editing (Table 2) . 45 
Ca 2؉ accumulation and ⌬ [Ca 2؉ ] i
Cultures grown in 24-well culture vessels were either sham washed or conditioned with sublethal oxygen-glucose deprivation, and then exposed to 300 M AMPA or 500 M kainate in the presence of 10 M MK-801 (to block secondary activation of NMDA receptors) and 45 Ca 2ϩ (2 Ci/ml) for 5 min (Hartley et al., 1993) . Conditioned cultures showed an increase in kainatestimulated 45 Ca 2ϩ accumulation as well as an increase in AMPAstimulated 45 Ca 2ϩ accumulation, which was completely blocked by the competitive AMPA/kainate antagonist 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide (NBQX). Cells after sublethal oxygen-glucose deprivation were compared with sham-washed controls. R/G editing analysis of GluR-B showed no change in GluR-B (R) and GluR-B (G) after sublethal oxygen-glucose deprivation. GluR-D, however, showed an increase in GluR-D (G) but no change in GluR-D (R) after sublethal oxygenglucose deprivation (mean Ϯ SEM; n ϭ 18 -23 cells). a Difference from sham wash level; p Ͻ 0.05 using two-tailed Student's t test.
This increase in kainate-stimulated 45 Ca 2ϩ accumulation was sensitive to Joro spider toxin (1 M), a selective blocker of AMPA receptors containing only subunits unedited at the Q/R site (Blaschke et al., 1993) (Fig. 5A) .
In addition to increasing AM PA or kainate-activated 45 Ca 2ϩ accumulation, oxygen -glucose deprivation conditioning also mildly elevated the peak increase in neuronal [C a 2ϩ ] i evoked by a 15 sec pulse of 20 M AM PA, without changing basal [C a 2ϩ ] i levels (Fig. 5B ). This increase in neuronal AMPAactivated ⌬ [C a 2ϩ ] i suggests that the observed increase in total 45 Ca 2ϩ accumulation was attributable, at least in part, to an increase in neuronal C a 2ϩ influx.
Excitotoxicity assays
Cultures containing both neurons and astrocytes were sham washed or exposed to conditioning oxygen -glucose deprivation as described above, and then exposed to kainate for 24 hr, NMDA for 5 min, or oxygen -glucose deprivation for 100 min. Oxygenglucose deprivation conditioned cultures were more susceptible than sham-washed cultures to 30 M kainate toxicity (Table 3) . Interestingly, this potentiation of kainate toxicity did not generalize to death induced by exposure to NMDA or lethal oxygenglucose deprivation.
DISCUSSION
The main finding of the present study is that a conditioning exposure to sublethal oxygen -glucose deprivation shifted AMPA receptor subunit expression in individual cultured hippocampal neurons by increasing GluR-D (flop) expression, resulting in an increased abundance of GluR-D mRNA relative to GluR-A and GluR-B mRNA. This result was obtained by using an RT-PCR procedure that was optimized for the quantitative relative detection of AM PA receptor subunits. Supporting the idea that this change in AM PA receptor expression translated into functionally important changes in AM PA receptor behavior, we demonstrated that the same conditioning exposure also increased net (as well as Joro spider toxin-sensitive) AM PA or kainate-stimulated 45 Ca 2ϩ accumulation in the hippocampal cells, and AM PA-stimulated [Ca 2ϩ ] i responses, and it selectively increased vulnerability to kainate-induced neuronal death. It is thus parsimonious to attribute the observed changes in AMPA receptor function to the observed changes in AMPA receptor subunit gene expression. Only a modest transient change in overall protein synthesis was produced by the conditioning insult, arguing against the alternative possibility that increased AMPA receptor Ca 2ϩ influx was caused by differential receptor subunit degradation and turnover during a period of global protein synthesis inhibition. Furthermore, we have shown previously that inhibition of global protein synthesis with cycloheximide did not increase, but rather reduced, vulnerability to kainate-induced neuronal death (Lobner and Choi, 1996) .
It is noteworthy that the oxygen-glucose deprivation conditioning-evoked increase in vulnerability to kainate-induced hippocampal neuronal death was selective and did not extend to NMDA-induced death or oxygen-glucose deprivation-induced death. Indeed, conditioning mildly decreased total neuronal death Figure 5 . Cultures exposed to sublethal oxygen-glucose deprivation (OGD) exhibit increased AMPA/ kainate-activated 45 Ca 2ϩ accumulation and AMPAactivated ⌬ [Ca 2ϩ ] i in neurons. A, 45 Ca 2ϩ accumulation during a 5 min exposure to 500 M kainate or 300 M AMPA in either sham-washed controls or cultures exposed to sublethal OGD 24 hr earlier (mean Ϯ SEM; n ϭ 8 -14 cultures). Both kainate-and AMPA-activated 45 Ca 2ϩ accumulation were potentiated by sublethal OGD, and the kainate-induced potentiation was eliminated by 1 M Joro spider toxin. B, Sublethal OGD also potentiated the increase in [Ca 2ϩ ] i evoked by a 15 sec exposure to 20 M AMPA (mean Ϯ SEM; n ϭ 122-137 cells from 4 separate experiments). Basal [Ca 2ϩ ] i levels in neurons exposed to sublethal OGD were not different from those exposed to sham wash (data not shown). Asterisks indicate difference from respective sham-washed control at p Ͻ 0.05, using two-tailed Student's t test. 
0.007
Kainate or NMDA was applied at the indicated concentrations for 24 hr to cultures subjected to a 30 min sublethal oxygen-glucose deprivation or sham wash 24 hr before excitotoxin exposure. Toxin-specific cell death was estimated by measuring LDH efflux into the bathing medium at the end of the excitotoxin exposure, subtracting LDH efflux from sham-washed cultures, and scaling to the mean LDH value corresponding to near-complete neuronal death (100%, induced by 24 hr exposure to 500 M NMDA) in sister cultures. Sublethal oxygen -glucose deprivation does not affect LDH release induced by 24 hr exposure to 500 M NMDA. n ϭ 12 cultures per condition, mean Ϯ SEM. a Difference from cell death in cultures exposed to media alone (Blank); p Ͻ 0.05 using one-way ANOVA with Bonferroni correction. b Difference from cell death in corresponding sham wash-conditioned cultures; p ϭ 0.0002, using one-way ANOVA.
after the latter insult, a finding consistent with in vivo data suggesting that exposure to sublethal ischemia can reduce brain vulnerability to subsequent, more severe ischemic insults (Kitagawa et al., 1990; Kirino et al., 1991) , and with similar conditioning benefits observed previously in cortical cell cultures (Grabb and Choi, 1995) . There is no incompatibility between the observation that conditioning increased neuronal vulnerability to death specifically mediated by AMPA/kainate receptors and the observation that the same conditioning reduced total neuronal vulnerability to death induced by oxygen-glucose deprivation. Presumably, mechanisms different from changes in AMPA receptor expression-for example, the enhancement of free radical scavenging ability or induction of neuroprotective genes (Ohtsuki et al., 1993 (Ohtsuki et al., , 1996 may account for the beneficial effects of conditioning against oxygen-glucose deprivation injury.
Increased expression of Ca 2؉ -permeable AMPA receptors: contribution of changes in expression of GluR-D versus GluR-B
The finding by Pellegrini-Giampietro et al. (1992 ) that transient global ischemia produced a preferential downregulation in hippocampal CA1 neuronal GluR-B expression relative to other AM PA receptor subunits has been supported by observations in animal seizure models (Friedman et al., 1994; Prince et al., 1995) . The ischemia-induced decrease in GluR-B expression does not require cell death, because it is not blocked by posttreatment with protective concentrations of N BQX (PellegriniGiampietro et al., 1994) but may be blocked by highly neuroprotective pretreatments (Heurteaux et al., 1995) . Furthermore, studies by Tsubokawa et al. (1995a,b) and Gorter et al. (1997) have suggested that neurons exposed to conditioning ischemia exhibit larger AM PA receptor-mediated currents sensitive to Joro spider toxin or exhibit larger increases in AM PA receptormediated C a 2ϩ influx. Other studies, however, examining expression of multiple AM PA receptor subunits after ischemia (Diemer et al., 1994; Frank et al., 1995) or seizures (Condorelli et al., 1994; Gold et al., 1996) did not observe preferential decreases in GluR-B expression.
In the present study, no change in GluR-B expression levels was seen in mRNA extracted from cultures of neurons and glia exposed to preconditioning oxygen -glucose deprivation, or from the total population of individually sampled neurons. However, there was a trend toward reduction in GluR-B mRNA relative abundance that was washed out by the unusual behavior of four cells that had unusually low (Ͻ4%) levels of GluR-D and relatively high levels of GluR-B after oxygen -glucose deprivation (Fig. 3) . In light of the possibility that these four cells represented a distinctive subpopulation, we performed a post hoc analysis of the remaining 19 cells, which exhibited high levels of GluR-D expression after conditioning. In this majority subpopulation, GluR-B expression levels were lower than in sham-washed controls (34.4 Ϯ 5.0% vs 23.1 Ϯ 2.5%; p ϭ 0.047 using two-tailed Student's t test). Support for the validity of this analysis was provided by the finding of increased Joro spider toxin-sensitive kainate-induced 45 Ca 2ϩ accumulation (see below). Conditioned cells with high GluR-D did not differ in the relative expression levels of GluR-A (35.5 Ϯ 4.5% vs 26.5 Ϯ 3.7%; p ϭ 0.130 using two-tailed Student's t test) or GluR-C (18.2 Ϯ 3.8% vs 17.8 Ϯ 3.6%; p ϭ 0.939 using two-tailed Student's t test) compared with sham-washed controls.
The possibility of a reciprocal relationship between GluR-B and GluR-D expression in single neurons fits with three earlier observations: (1) in Bergmann glial cells, where GluR-A and GluR-D mRNA are expressed without GluR-B or GluR-C mRNA Monyer et al., 1991) ; (2) in cultured neocortical neurons, where GluR-D immunoreactivity colocalized with GluR-A but not with GluR-B/C immunoreactivity (Yin et al., 1994) ; and (3) in cultured GABAergic type II neurons from hippocampus, which express GluR-A and GluR-D, but not GluR-B, mRNA (Bochet et al., 1994) . Furthermore, relative GluR-B and GluR-D mRNA abundance suggested an inverse relationship across several different neuronal types (Geiger et al., 1995) . It is conceivable that GluR-B and GluR-D are regulated in a way to make co-expression infrequent.
Recently, mice deficient in GluR-B were generated and shown to have enhanced kainate-induced calcium currents (Jia et al., 1996) . These mice showed mild behavioral deficits but could attain normal size and appearance. Although this important experiment indicates that a remarkably normal nervous system can develop lacking GluR-B, it is not incompatible with the idea that acute downregulation of GluR-B in the adult animal could lead to a deleterious increase in AMPA receptor-mediated excitotoxicity. It is plausible that the absence of GluR-B during development might induce compensatory changes, such as enhanced calcium buffering or extrusion. Mice expressing editingdeficient GluR-B did develop seizures and early death (Brusa et al., 1995) , perhaps indicating that it is more difficult for the developing animal to adjust for aberrant GluR-B subunits than for complete absence of GluR-B.
What is the significance of the relative increase in neuronal GluR-D expression induced by oxygen-glucose deprivation? First, this increase, in the subset of neurons in which it occurred, could contribute to lowering the relative abundance of GluR-B, a change that might increase the probability that AMPA receptors will form lacking a GluR-B subunit and thus gate channels with enhanced Ca 2ϩ permeability. Such a lowering of GluR-B relative abundance could reflect either an absolute decrease in GluR-B mRNA levels or an absolute increase in other AMPA receptor subunit levels (or both). Second, increasing GluR-D representation in native AMPA receptors per se might alter resultant receptor or channel characteristics and produce, for example, faster channel desensitization (Geiger et al., 1995) .
Flip/flop alternative splicing
Flip/flop analysis of GluR-D showed that the conditioninginduced increase in relative GluR-D was caused by a selective increase in GluR-D flop (Fig. 4) . In heterologous expression systems, flop isoforms generally produce lower peak currents and smaller nondesensitizing currents at the whole-cell level Monyer et al., 1991; Mosbacher et al., 1994) and smaller unitary conductances at the single channel level (Swanson et al., 1997) .
RNA editing
RNA editing of glutamate receptor subunits seems to be a highly regulated phenomenon and another mechanism by which a cell can alter AMPA receptor calcium permeability (Q/R site) (Burnashev et al., 1992) or recovery from desensitization kinetics (R/G site) (Lomeli et al., 1994) . In studies using adult human brain, the GluR-B Q/R site was Ͼ99% edited in cortex but was edited to a lesser degree in striatum or substantia nigra (Nutt and Kamboj, 1994) , and decreased GluR-B Q/R site editing was observed in Alzheimer's disease, Huntington's disease, or schizophrenia patients (Akbarian et al., 1995) . We did not see unedited GluR-B (Q) in either sham-washed or conditioned cultures, to the limits of assay detection (3%). This result is consistent with several rodent in vivo studies in which GluR-B was f ully edited at the Q / R site in several different brain regions (Geiger et al., 1995) , during different developmental ages (Burnashev et al., 1992) , or after transient ischemia (Paschen et al., 1996 Sublethal oxygen -glucose deprivation caused an increase in both AM PA-and kainate-activated 45 Ca 2ϩ accumulation, as well as AM PA-activated ⌬ [C a 2ϩ ] i . Joro spider toxin (1 M) completely blocked the enhanced kainate-activated 45 Ca 2ϩ accumulation in oxygen -glucose deprivation conditioned cultures, thus implicating AM PA receptors lacking GluR-B in the phenomenon. We also noted, however, that 1 M Joro spider toxin only blocked ϳ30% of the kainate-activated 45 Ca 2ϩ accumulation in shamwashed cultures. In addition, kainate-stimulated 45 Ca 2ϩ accumulation was only slightly blocked (Ͻ20%) by 10 M Gd 3ϩ , a nonselective C a 2ϩ channel blocker (Yang and Sachs, 1989; Biagi and Enyeart, 1990 ) that completely blocks 60 mM K ϩ -activated Ca 2ϩ accumulation (data not shown). These data suggest that Joro spider toxin-insensitive kainate-stimulated 45 Ca 2ϩ accumulation may partly result from permeation through standard AM PA receptors containing edited GluR-B subunits at the Q/R site. Fractional calcium currents through recombinant AMPA receptors containing an edited GluR-B subunit were still detectable, with ϳ15% of the current through AM PA receptors expressing unedited GluR-B subunits (Burnashev et al., 1995) .
Implications for the ischemic brain
Why should the brain shift to the generation of C a 2ϩ -permeable AM PA receptors after oxygen -glucose deprivation insults? Possibly, increased GluR-D flop changes receptor behavior in other favorable ways, such as increasing desensitization and thus limiting post-ischemic overexcitation. Alternatively, even if increased Ca 2ϩ influx does occur through conditioned AM PA receptors, it may inhibit potentially larger and more dangerous Ca 2ϩ influx mediated by NMDA receptors (Medina et al., 1994; Kyrozis et al., 1995) .
In any case, the demonstrated net increase in vulnerability to kainate-induced death is plausibly linked to the pathogenesis of the delayed hippocampal CA1 neuronal death that occurs several days after a global ischemic insult. This delayed selective neuronal death is reduced by postischemic application of AMPA receptor antagonists (Buchan et al., 1991b; Nellgard and Wieloch, 1992) or concurrent application of protein synthesis inhibitors (Goto et al., 1990; Shigeno et al., 1990) . These observations are consistent with the hypothesis that synthesis of new Ca 2ϩ -permeable AM PA receptors and consequent heightened vulnerability to AM PA receptor-mediated excitotoxic death is a key underlying event in hippocampal CA1 neuronal death after global ischemia.
Furthermore, evidence that C a 2ϩ -permeable AM PA receptors are also Z n 2ϩ permeable (Yin and Weiss, 1995; Sensi et al., 1997) suggests that the same shift in glutamate receptor expression would increase toxic zinc accumulation, another event that may contribute importantly to delayed selective neuronal death after transient global ischemia (Koh et al., 1996) .
